A household vehicle transactions model has been developed as a competing risks duration model in this study. The model is developed assuming the following three types of competing risks: replacing one of the vehicles in the household fleet, disposing of one vehicle in the fleet, and acquiring one vehicle to add to the fleet. In addition to the attributes of household, changes in household attributes are expected to have strong effects on vehicle transactions behavior. To account for their effects, dummy variables indicating the occurrence of a change in selected household attributes are defined as time varying covariates and introduced into the model. In addition, vehicle transactions themselves change the needs and motivations for vehicles holding, affecting the timing and the type of the transaction that immediately follows. Dummy variables indicating the type of the preceding transaction are also introduced as time varying covariates into the model. The results of the empirical analysis using a data set collected in a panel survey empirically support the theoretical considerations underlying the model development, and indicate that the effects of changes in household attributes and that of a preceding transaction are well represented in the model.
INTRODUCTION
Households' vehicle ownership has substantial effects on their travel behavior. Most disaggregate travel behavior models are developed treating vehicle availability as an exogenous variable. It is therefore of critical importance for forecasting future travel demand to understand and predict households' vehicle holding behavior. In addition, environmental issues have drawn a considerable amount of attention in recent years. One of the effective approaches to enhance the sustainability of urban transportation is to reduce pollutant emissions from vehicles. Alternative fuel vehicles or hybrid vehicles as well as fuel efficient gasoline vehicles are now commercially available. Forecasting the diffusion of such vehicles and evaluating the resulting mitigation effects also requires a thorough understanding and quantitative representation of households' vehicle holding behavior, particularly their vehicle transactions behavior.
Many studies have been directed toward modeling households' vehicle ownership. Previously static models were developed implicitly assuming that a household is constantly in equilibrium with regard to its vehicle fleet. Such static models have certain limitations; for example, they are based on a rather dubious assumption that cross-sectional elasticities and longitudinal elasticities are identical to each other (1) . "Household vehicle holdings observed at a time point embody many decisions made by the household over a period of time. The set of vehicles the household holds, or 'household vehicle fleet', is not acquired instantaneously; it is the result of a series of transaction decisions to acquire, replace, or dispose of household vehicles." (2) This recognition have led to dynamic models of households' vehicle holdings.
Panel survey methods enable direct observation of changes in household vehicle holdings between discrete time periods. Dynamic vehicle holding models have been developed using panel data, incorporating state dependence, lagged effects or unobserved serial correlation (3) . The panel analyses take advantage of observations available at discrete time points to capture the dynamic nature of vehicle ownership. Being based on the observed "state" of vehicle holding at discrete points, however, they are limited in several ways. Firstly, the discrete time interval between observations in a panel survey has no relationship to the time frame the household adopts in making its decisions, and the interval restricts the forecasting time frame. Moreover, these models do not represent the decisions of the household, but the state at each discrete time point. "From the view point that observed household vehicle holdings represent the cumulative outcome of the process of acquiring, replacing and disposing of household vehicles, it is logical to model household vehicle holdings through dynamic transactions models" (2) which focus on the decision of vehicle transaction, not vehicle holdings at discrete time points.
Hazard-based duration models have been applied to represent the timing of households' vehicle transactions. Examples include studies by Gilbert (4), de Jong (5), Yamamoto et al. (6) , Yamamoto and Kitamura (7) and Hensher (8) . These models represent the distribution of the holding duration of each vehicle or the elapsed time between successive two transactions by the household. Hence it is possible to produce forecasts on a continuous time frame. Moreover, competing risks duration models can represent the type of transaction, e.g., replace a household vehicle with a brand-new vehicle, replace with a used vehicle, add a brand-new vehicle, add a used vehicle, or dispose of a household vehicle.
These studies have revealed the effects of the characteristics of the vehicle, the household, the main driver, and macroeconomic factors upon vehicle holding duration or transactions behavior. Changes in the attributes of the household, however, are rarely fully examined. Hazard-based duration models are capable of including these contributing factors as time varying covariates (see Gilbert (4) , de Jong (5) and Hensher (8)). However, the inclusion of such time varying covariates alone may not fully represent the effects of the occurrence of changes in these contributing factors, partly because behavioral response tends to involve time lags, and partly because the change in a contributing factor in itself may have some effects on the behavior.
A competing risks duration model of household vehicle transactions is developed in this study. It is shown that the incorporation of time varying covariates as has been done in the past does not fully capture the effects of changes in contributing factors. Adding to conventional time varying covariates, therefore, dummy variables indicating the occurrence of a change in selected household attributes are defined as additional time varying covariates and introduced into the model of this study. In addition, a vehicle transaction itself may change the needs and motivations for vehicle holding; the type of a transaction may therefore affect the timing and type of the transaction that follows. Dummy variables indicating the type of the preceding transaction are also introduced as time varying covariates into the model. The model is estimated using empirical data and its properties are examined in the analysis.
A COMPETING RISKS DURATION MODEL OF HOUSEHOLD VEHICLE TRANSACTIONS
Let the survivor function, S(t), represent the probability that the duration in a state, T, will be greater than or equal to value t (see Hensher and Mannering (9)):
where Pr denotes the probability, -∞ < t < ∞, and F(t) is the cumulative distribution function of T. In this study, T represents the elapsed time between successive two transactions made by a household. The hazard function, h(t), which represents the conditional probability density that an event will occur between time t and t + dt, given that the event has not occurred up to time t, is given as
where f(t) is the probability density function of T. The hazard function is related to the survivor function as
Three types of competing risks are considered in this study to represent household vehicle transactions: replacing one of the vehicles of the household fleet, disposing of a vehicle in the fleet, and acquiring one vehicle to add to the fleet. A household with multiple vehicles faces the risk of replacing and that of disposing of each vehicle it owns. Any household is presented with the risk of acquiring a vehicle. The total number of competing risks, N r , therefore depends on the number of vehicles the household owns, N v , and is given by N r = 2N v + 1. Because the risks are associated with exclusive events, the overall hazard is the sum of the three event-specific hazards, which is given as
where h rk (t) and h dk (t) are the hazard functions of replacing and disposing of the kth vehicle of the household, respectively, and h a (t) is the hazard function of acquiring a vehicle. The survivor function for the competing risks model can be written as
where S rk (t) and S dk (t) are the survivor functions for replacing and disposing of the kth vehicle, respectively, and S a (t) is the survivor function for acquiring. These survivor functions can be expressed as 
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The probability density functions for the elapsed time, or the holding duration, that ends in the respective events, or target states, are given as
where f rk (t) and f dk (t) are the density functions for replacing and disposing of the kth vehicle, respectively, and f a (t) is the density function for acquiring. Several distribution functions such as Weibull, generalized gamma, log-logistic, or lognormal distributions are available for fully parametric models. In this study, the Weibull distribution is adopted based on the results of a previous study (6) . The hazard functions for the Weibull distribution is written as 
where γ r , γ d and γ a are shape parameters; β r , β d and β a are the vectors of coefficients, for replacing, disposing and acquiring, respectively; and X k and X are vectors of exogenous variables. If the shape parameter is greater (less) than one, the hazard rate is monotonously increasing (decreasing) with duration, thus the Weibull distribution is capable of capturing duration dependence. If the shape parameter equals one, the hazard rate is constant and the Weibull distribution reduces to the negative exponential distribution, implying no duration dependence. In Eq. 8, t represents the elapsed time since the 'start time', which is defined for replacement or disposal as the time the vehicle entered the household fleet, and the time of the most recent transaction for acquisition. It is then possible that a certain amount of time has already been elapsed since the start time when the observation started, constituting a case of left-censoring. The conditional probability given that no event occurred before the observation started is applied to the case of left-censoring, in which case the survivor function is rewritten as
where t 0 is the time the observation started, t k is the time the kth vehicle entered to the household fleet, and t z is the time of the most recent transaction. The likelihood function for a competing risks duration model of household vehicle transactions is given as ( )
where δ rk is a dummy variable which takes on a value of 1 if the kth vehicle is replaced and 0 otherwise; δ dk takes on a value of 1 if the kth vehicle is disposed of and 0 otherwise; and δ a is 1 if another vehicle is acquired and 0 otherwise. If no event occurs until the end of the observation period, all dummy variables are set at 0.
In Eq. 10, the likelihood function is formulated by multiplying event-specific probability functions. The unknown parameters are obtained in this study by estimating a hazard model for each type of event separately, assuming the independence of unobserved heterogeneity across the hazards. Relaxing this assumption, as in Han and Hausman (10) and Bhat (11) , remains as a further task.
THE EFFECTS OF THE OCCURRENCE OF CHANGE IN EXPLANATORY VARIABLES
In the former section, it was assumed that the covariates are time invariant for the ease of explanation. In this section the notion of time varying covariates is first explained, then variables representing the effects of the occurrence of changes in the explanatory variables are introduced into the model.
Let a vector of explanatory variables containing time varying covariates, X(t), represent the values of the explanatory variables at time point t, and rewrite Eq. 3 as
The integrand is now a more complex function because of the introduction of the time varying covariates, and may require numerical integration.
As noted earlier, the effects of the previous transaction and the occurrence of changes in the explanatory variables are accounted for in this study by introducing time varying covariates into the model. For example, consider
where X i is a vector that contains the (i +1)th set of explanatory variable values, t i is the time when the ith change occurred, and n is the total number of changes during the observation period. Applying Eq. 12 to Eq. 11, one obtains
where t n < t. The right-hand side of Eq. 13 is a product of conditional survivor functions. These survivor functions are defined for intervals that are determined by those time points where changes in the explanatory variables take place, and therefore contain no time varying covariates. In other words, the hazard function at t, namely the conditional probability density that the transaction will take place between time t and t + dt, given that the transaction has not taken place up to time t, is the function of X i only (for period t i ≤ t < t i+1 ); in effect there are no changes in the values of the explanatory variables within the period. Thus, estimation of unknown parameters can proceed without computational difficulties resulting from the inclusion of time varying covariates in the model formulation (12) .
However, the inclusion of the time varying covariates alone does not facilitate a full representation of the effects of changes in the explanatory variables. Consider the time varying covariates, X(t), of Eq. 12. Suppose no transaction has taken place till t c , and let t j ≤ t c < t j+1 , where 1 ≤ j, and t j and t j+1 are as defined in Eq. 12. The conditional survivor function and the conditional probability density function given that no transaction has occurred until t c can be written as (14) where t c < t, and t k ≤ t < t k+1 .
Most critical is the fact that the conditional survivor function and probability density function of Eq. 14 are independent of the covariate vectors X 0 to X j-1 , which correspond to periods preceding t c . It implies that the conditional probability given that no transaction has occurred until t c , is not affected by the values of the explanatory variables before t c ; the conditional probability takes on the same value whether or not the explanatory variables had changed their values prior to t c . This is also the case with the conditional hazard function,
where t c < t. In Eq. 15, the hazard function is dependent only on the values of the explanatory variable at t.
Including time varying covariates as in Eqs. 14 and 15, which has been done in the past by, e.g., Gilbert (4), enables a representation of only the spontaneous effects of the explanatory variables in a conditional hazard function, and fails to capture the effects of their changes prior to the last transaction in the conditional survivor function and probability density function. This implies an implicit assumption embedded in the formulation that the process is viewed as a renewal process; given a transaction has taken place, the process is dependent on changes in contributing factors that take place after the transaction, but is independent of the history prior to the transaction. Many panel analyses, on the other hand, have revealed that household vehicle transactions behavior tends to involve time lags (1, 2, 3) , and a change in a contributing factor may affect the behavior long after the change. These empirical findings suggest inadequacy of the formulation of Eqs. 14 and 15 which assumes that transaction behavior is conditionally history independent.
It is based on these considerations that dummy variables indicating the occurrence of changes in explanatory variables are introduced into the model of this study. These variables indicate the occurrence of a change by taking on a value of 0 initially, and a value of 1 after a change has taken place. Also introduced are dummy variables indicating the type of the preceding transaction with the intent of capturing the effect of a transaction on the next transaction. It must be noted that t he dummy variables representing the type of the previous transaction are endogenous variables introduced into the model with the assumption of serially independent hazards. Relaxing this assumption and examining serial correlation in hazards remains as a future research subject. Considering the time spans in which transactions and changes in explanatory variables retain their effects, it would be more desirable to adopt a proper attenuation function and estimate unknown parameters of the attenuation function for improved realism. Unfortunately, as described in the next section, the data set used in the empirical analysis contains observations of household attributes for at most one year, offering insufficient information to quantify attenuation effects.
DATA
The data set used in this study is from a three wave panel survey conducted in California in 1993, 1994, and 1996 for forecasting demand for alternative fuel vehicles (6, 7, 13, 14) . Data from the first and second waves, which are approximately one year apart, are used in the statistical analysis of this study. A total of 2,857 households completed the first two waves.
The first wave data contain, for each vehicle in the household fleet, the vehicle type, the time of acquisition, and whether acquired brand-new or used, for up to six vehicles, as well as the attributes of the household and its members. The second wave data contain the record of each transaction (its type and timing, and the attributes of each vehicle that entered the household) after the first wave, and the type and the timing of each change in selected attributes of the household and its members, since the first wave.
The surveys took on the form of computer-aided telephone interviews (CATI). Each interview in the second and third waves was customized based on the responses given in earlier waves. Data on changes in the attributes of household members and vehicles were identified quickly by the interviewer who recited the attributes recorded during the last survey and asked the respondent to indicate any change. Possible errors in the data from the previous waves were corrected similarly. This customization reduced substantially the length of interviews, which could have been quite lengthy for households with many members, workers and/or vehicles.
The sample used in the modeling effort of this study comprises 1,882 households for which all pertinent explanatory variables are available. The explanatory variables used in the models of this study are summarized in Table 1 . A total of 664 households, about 35% of the sample households, indicated to have made at least one transaction between the two waves. The distribution of the types of the transactions can be summarized as follows: 250 households (about 38% of the households that made transactions) replaced one vehicle, 215 households (about 33%) acquired one vehicle, 126 households (about 19%) disposed of one vehicle, and 63 households (about 10%) made more than one transaction.
A replacement is not well defined because a series of two transactions may be considered as either a disposal followed by an acquisition, or a replacement. In this study a series of a disposal and an acquisition is considered as a replacement in principle based on the statement by the household in the survey. Most stated replacements in the data satisfy the condition that the elapsed time between an acquisition and a disposal (in either order) does not exceed three months. Obvious, and rather infrequent, errors in transaction type were corrected using the three months threshold. The sample means of the explanatory variables are given in Table 2 .
The dummy variables representing changes in selected household attributes (Adults+ through Rent Home+ in Table 2 ) are constructed based on the observation between the two waves. The dummy variables for the last transaction type (Replace through Acquire), on the other hand, are constructed by identifying the type of the most recent transaction that the household made based on the information on how each vehicle entered the household fleet (i.e., as a replacement or as a new acquisition) and disposals in one year before the first wave of survey as well as those transactions reported between the two waves. Note that Replace through Acquire are defined for each vehicle and are also time varying covariates. This procedure, however, would lead to a case of measurement error if (i) the household did not make any transaction between the two waves, (ii) the last transaction before the first wave of survey was a disposal, and (iii) the last disposal was made more than one year before the first wave of survey. This is due to the fact that information is not available on transactions made more than one year prior to the first wave. These transaction dummy variables are nevertheless used in the analysis because if they are found significant despite the potential measurement error, it will offer sufficient empirical evidence that the type of the most recent transaction does influence vehicle transaction behavior, which is one of the theses of this study. Table 3 are the results of the maximum likelihood estimation of the competing risks duration model of household vehicle transactions, performed using the GAUSS matrix programming language. The error terms associated with the hazard functions are assumed to be independent of each other, either across the hazards or serially for each household. In the table, the sign of a coefficient estimate is the opposite of the effect of the explanatory variable on the hazard; namely, if the sign is positive (negative), it means a negative (positive) effect on the hazard, resulting in a positive (negative) effect on the expected duration. In the application of competing risks duration models, the probability of a type of transaction is determined by comparing hazard function values with each other. If the sign of a coefficient estimate in the hazard function for a type of transaction is positive (negative), it means that the variable negatively (positively) influences the probability of that type of transaction.
RESULTS OF STATISTICAL ANALYSIS
Presented in
The values of the shape parameters, γ rk , γ dk and γ a , are estimated at 1.36, 0.94, and 1.10, respectively. The estimated t-statistics indicate that the shape parameters of replacement and acquisition, γ rk and γ a , are significantly different from 1, and that the shape parameter of disposal, γ dk , is not significantly different from 1. They indicate that the timing of replacing a household vehicle or acquiring a vehicle is positively duration dependent, i.e., the longer the duration, the more likely that a replacement or an acquisition will take place. The timing of disposing of a household vehicle, on the other hand, is duration independent. In addition, the estimate of the shape parameter of replacement, γ rk , is larger than that of acquisition, γ a . The t-statistic for the difference between the two is estimated at 3.01, assuming the two coefficient estimates are uncorrelated with each other. The result indicates the two parameters significantly differ from each other; the timing of replacement is more duration dependent than the timing of acquisition. The results here imply that holding duration is an important factor when a household replaces its vehicle, while random factors, such as traffic accidents or mechanical break down, may mainly affect the timing of disposal.
Among the explanatory variables, Leased Vehicle and Company Car have highly significant negative coefficients in the function for replacement. The result suggests that a leased vehicle or a company car can be more easily and less costly replaced than a vehicle households own. In fact the lease for a vehicle has an expiration date, at which time replacing or disposing is likely to occur. Such systematic effects are not introduced into the analysis of this study, however, mainly because no information is available on lease expiration dates. Another explanatory variable representing vehicle attributes, Used Vehicle, also has highly significant negative coefficients in the functions for both replacement and disposal, and the coefficient estimate for disposal is larger (in its absolute value) than that for replacement, although the difference is not significant. The holding duration of a used vehicle tends to be shorter than that of a brand-new vehicle; on average, a vehicle acquired brand new is held 1.46 times longer than a vehicle acquired used, ceteris paribus.
The variable, Adults, has significant coefficient estimates in the functions for all three types of transactions. The signs of the coefficient estimates are positive in the function for replacement, and negative in the functions for disposal and acquisition. The result suggests that larger households have higher probabilities of disposing of their vehicles or acquiring new vehicles. This may be because a larger household adjusts its fleet size more frequently due to more frequent changes in household attributes simply because the household is large. Children also has a significant negative coefficient estimate in the function for acquisition, indicating that households with more children have a higher probability of acquiring vehicles. Full Time Workers and Part Time Workers have significant coefficient estimates in the function for acquisition, and the former does so also in the function for replacement. Households with more workers evidently have higher probabilities of acquiring vehicles, and households with more full time workers have smaller probabilities of disposing of their vehicles. Drivers has a significant negative coefficient estimate in the function for replacement, indicating a shorter expected vehicle holding duration and a higher probability of replacement.
Fleet Size has highly significant coefficient estimates in all three functions. The signs of the coefficient estimates are positive in the functions for replacement and acquisition, and negative in the function for disposal; evidently households with larger fleets have higher probabilities of disposing their vehicles. Rent Home has significant coefficient estimates in the functions for replacement and disposal with opposite signs; households renting homes have higher probabilities of disposing of their vehicles than do households owning homes.
The effects of changes in household attributes are now discussed. Note that the household attribute variables are time varying covariates as defined in Eq. 12. The dummy variables that represent the occurrence of a change are introduced into the model in addition to these covariates that describe the status of the household at each time point. In order to consider the effect of changes in household attributes, therefore, both the estimated coefficients representing the changes and the estimated coefficients of the attribute values themselves should be summed up.
Adults− has a significant positive coefficient estimate in the function for acquisition. Together with the estimated coefficient of the number of adults, Adults, the effects of one adult household member leaving are estimated at -0.40 (= (0.40)(-1)) on the function of replacement, 0.26 (= (-0.26)(-1)) on the function of disposal, and 0.71 (= 0.48 + (-0.23)(-1)) on the function of acquisition. The results indicate that a household whose adult member has recently left it has, ceteris paribus, a higher probability of replacing, and lower probabilities of disposing and acquiring, compared with a household with no member leaving. The expected duration till the next acquisition is long, implying the household is less likely to acquire an additional vehicle than replacing or disposing of the vehicles it has. The positive effect of an adult leaving on the probability of replacement is a rather unexpected result. This might imply that needs for a vehicle of a different body type or size, or changes in vehicle allocation to household members, that may be brought about by the departure of a household member, tend to prompt the household to replace its vehicles. If the adult left is a full time worker or a driver, however, the effect of the departure in the function for replacement is largely negated. If so, the probability of acquisition also becomes much smaller. These results indicate that a household where a full time worker or a driver has recently left has a higher probability of disposal.
Adults+ has a positive coefficient estimate in the function for disposal and a negative coefficient estimate in the function for acquisition, although with only marginal significance. Estimated total effects indicate that a household that has recently had a new adult household member, or in which a child grew up to the adult status, has a higher probability of acquiring a new vehicle.
Rent Home+ has a significant negative coefficient estimate in the function for replacement, and combined with the effect of Rent Home, produces positive effects on the hazards of replacement and disposal. A household that has moved to a rental home recently appears to have shorter expected vehicle holding durations.
The discussion now turns to the effects of the previous transaction. Similar to the case with changes in household attributes, the estimated coefficient of the transaction type dummy variable and that of Fleet Size must be added up if the type of the transaction is disposing or acquiring.
Replace has a significant positive coefficient in the function for replacement. It appears households tend to avoid successive replacements of their vehicles within short periods, or tend to postpone the next replacement after a replacement.
Dispose also has a significant positive coefficient estimate in the function for replacement, and a significant negative coefficient estimate in the function for acquisition. Together with the estimated coefficient of Fleet Size, the effects of disposing are estimated at 0.01 (= 0.38 + 0.37(-1)) in the function for replacement, 0.23 in the function for disposal, and -0.84 (= -0.51 + 0.33(-1)) in the function for acquisition. A household that has disposed of its vehicle last time has a higher probability of acquiring a vehicle and redeeming the same fleet size.
On the other hand, Acquire has a significant positive coefficient estimate in the function for disposal; estimated total effects are positive in the functions for all three types of transaction. The results imply that households that have acquired vehicles in the last transaction have lower probabilities of making any types of transaction.
These results indicate asymmetry in households' vehicle holding behavior. After a household acquired a vehicle, possibly because of an increase in mobility needs, the needs continue or the household gets adopted to the larger fleet, and it tends to have a smaller probability of disposing of any of its vehicles. After a household disposed of its vehicle, on the other hand, it appears as if its experience with the previous larger fleet leads to a higher probability of acquiring a new vehicle and recovering the same fleet size again. The empirical analysis of this study is based on a data set from a panel survey conducted in California. The model developed in the analysis has revealed many characteristics of households' vehicle transactions behavior. The results suggest that households avoid successive replacement of vehicles, but rather postpone subsequent replacements once they replace their vehicles. It is also suggested that households that have disposed of their vehicles in the last transaction have higher probabilities of acquiring new vehicles and retaining the same fleet size. On the other hand, households that have acquired vehicles have lower probabilities of any transaction. These results indicate asymmetry in households' vehicle holding behavior.
A household from which an adult member left recently almost never acquires additional vehicles, while a household with a new adult member or with a child growing up to an adult recently, has a higher probability of acquiring a new vehicle. The results also indicate that the timing of replacing a vehicle is highly duration dependent; the longer the household holds a vehicle the more likely that it replaces it. The same tendency is found for vehicle acquisition but to a lesser extent. The timing of vehicle disposal, on the other hand, is duration independent.
This study is one of the earlier attempts to investigate into the characteristics of households' vehicle transactions behavior, in particular to examine more fully the effects of changes in household attributes and the type of the last transaction on future transaction behavior. As such it has incorporated simplifying assumptions which should be relaxed in the future. For example, unobserved heterogeneity among households should be considered in the model. Measures should be taken to correct biases arising from the inclusion of endogenous variables, i.e., the dummy variables representing the previous transaction. Macro economic factors and variables representing the characteristics of vehicle market (e.g., prices of brand-new vehicles) are also desired to be introduced into the model in the future. 
